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Abstract
Long-distance dispersal (LDD) is a pivotal process for plants determining their range of 
distribution and promoting gene flow among distant populations. Most fleshy-fruited species rely 
on frugivorous vertebrates to disperse their seeds across the landscape. While LDD events are 
difficult to record, a few ecological studies have shown that birds move a sizeable number of 
ingested seeds across geographic barriers, such as sea straits. The foraging movements of migrant 
frugivores across distant populations, including those separated by geographic barriers, creates a 
constant flow of propagules that in turn shapes the spatial distributions of the genetic variation in 
populations. Here, we have analysed the genetic diversity and structure of 74 populations of 
Pistacia lentiscus, a fleshy-fruited shrub widely distributed in the Mediterranean Basin, to 
elucidate whether the Mediterranean Sea acts as a geographic barrier or alternatively whether 
migratory frugivorous birds promote gene flow among populations located on both sides of the 
sea. Our results show reduced genetic distances among populations, including intercontinental 
populations, and they show a significant genetic structure across an eastern-western axis. These 
findings are consistent with known bird migratory routes that connect the European and African 
continents following a north-southwards direction during the fruiting season of many fleshy-
fruited plants. Further, Approximate Bayesian Analysis failed to explain the observed patterns as a 
result of historical population migrations at the end of Last Glacial Maximum. Therefore, 
anthropic and/or climatic changes that would disrupt the migratory routes of frugivorous birds 
might have genetic consequences for the plant species they feed upon.
Keywords: genetic clustering, genetic network, isolation by distance, migratory frugivorous birds, 
Pistacia lentiscus, wide distribution range 
1. Introduction
The examination of the long-distance dispersal (LDD) of seeds is crucial to determine the 
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distribution ranges (Nathan, 2006). Empirical LDD data are scarce owing to the inherent difficulty 
of tracking the fate of dispersed seeds (Nathan, 2006). However, molecular tools have provided 
ample evidence for the impact of LDD in: (i) expediting the demographic expansion of forests 
northwards as ice retreated at the end of the last glacial period (Hampe, Arroyo, Jordano, & Petit, 
2003); (ii) clarifying the processes that underlie extreme bipolar disjunctions in plants, i.e., the 
biogeographic disjunction between the Arctic and the southernmost point of South America (Popp, 
Mirré, & Brochmann 2011); and (iii) explaining the distribution of plant species across 
biogeographic barriers, such as mountain ranges and sea straits (Dyer & Nason, 2004). Recent 
studies have evidenced that frugivorous birds mobilize propagules among distant populations 
hundreds of kilometres apart, including island and continental populations (Nogales, Heleno, 
Traveset, & Vargas, 2012; Viana, Gangoso, Bouten, & Figuerola, 2016a). Furthermore, a few 
studies have shown that long-distance migrant frugivorous birds play a crucial role in connecting 
plant populations across their distribution ranges, when their migratory movements overlap with 
the fruiting season of the plants they feed upon (Hampe et al., 2003). In the context of global 
climate change, bird migration routes are expected to collapse or shift due to warming (Both et al., 
2009; Pulido & Berthold, 2010) or landscape fragmentation (Bairlein, 2016), consequently 
impacting the demographic trends, genetic connectivity, and the overall distribution range of 
animal-dispersed plants (Dirzo et al., 2014; Martínez-López, De la Rúa, Zapata, & Robledano, 
2017; Parejo-Farnés, C., Robledo-Arnuncio, Albaladejo, Rubio-Pérez, & Aparicio, 2017). 
To date, most of the studies assessing the SGS in plants across their entire distribution ranges have 
focussed on narrowly distributed plant species, as they typically have high levels of endemicity, 
which make them particularly sensitive to the drivers of global change (e.g., González-Astorga et 
al., 2004; Medrano & Herrera, 2008; Binks et al., 2015). However, these studies are insufficient to 
fully understand the impact of the main drivers that underpin SGS in widely distributed plant 
species because: (i) the populations of widespread species are typically subjected to different 
environmental conditions across their distribution range (Lesica & Allendorf, 1995; Gapare, 
Aitken, & Ritland, 2005), including a variable level of human-driven disturbance; (ii) wide 
distribution ranges are shown to correlate with particular demographic and genetic traits (e.g. high 
levels of genetic diversity and low levels of population genetic differentiation; Hamrick & Godt, 
1989; Hamrick & Godt, 1996; Eckert, Samis, & Lougheed, 2008); and (iii) the impact of LDD 
events is usually overlooked in studies with narrowly distributed species, but these events are 
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geographic barriers. Therefore, research on genetic variation including the full distribution ranges 
of widespread plant species is especially needed to understand the impact of LDD on the spatial 
distribution of genetic variation. 
The Mediterranean Sea acts as a barrier to gene flow for a wide range of plant and animal 
populations located on both shores of the Mediterranean (e.g. Molina-Venegas, Aparicio, 
Lavergne, & Arroyo, 2015). However, studies assessing plant taxa migration between Europe and 
Africa through the Strait of Gibraltar found that it was not a barrier to the dispersal of those 
species with higher migration capabilities (Lavergne, Hampe, & Arroyo, 2013; Molina-Venegas et 
al., 2015). Current bird migratory routes were set at the end of the last glacial period (Bruderer & 
Liechti, 1999; Newton, 2007) and they connect the European and African continents, traversing 
distant populations of circum-Mediterranean endozoochorous plants (e.g., Pistacia lentiscus L., 
Figure 1). Seed mean retention times ranges between 1 and 4 h (Viana, Santamaría, & Figuerola, 
2016b) and an average flight speed of 45 km/h has been described in passerine birds (Bloch & 
Bruderer, 1982). The flying distance covered by birds during their seasonal migratory movements 
would suffice to connect the European and African continents through different known routes 
across the Mediterranean Basin (Bruderer & Liechti, 1999; Fiedler & Davidson, 2012; and 
Bairlein, 2016). Thus, if frugivorous birds forage on fruiting trees during their migratory 
displacements, they are expected to mobilize seeds across distant populations, in turn, reducing the 
role of the Mediterranean Sea as a geographic barrier to gene flow.
The combination of both ecological information and genetic tools allows the testing of the 
hypothesis that the Mediterranean Sea acts as a barrier to gene flow, by comparing the observed 
genetic patterns with those expected under an isolation by distance (IBD) scenario, where the 
genetic distances between populations steadily increase with geographic distance (Wright, 1943). 
Following this approach, we herein analysed the spatial distribution of the genetic variation and 
the population genetic structure of a widely distributed fleshy-fruited shrub (P. lentiscus) across its 
distribution range, which includes the Mediterranean Basin and the Canary Islands. We applied 
microsatellites in combination with landscape genetic tools, to test whether the Mediterranean Sea 
acts as a barrier to gene flow among P. lentiscus populations located on opposite shores of the sea 
or, alternatively, whether the contemporary gene flow attributable to the migratory birds links the 
intercontinental populations. To that end, we first described the genetic diversity and structure of 
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we combined different landscape models (Bayesian clustering, discriminant analysis of principal 
components (DAPC), and genetic networks) to test whether known migratory routes of 
frugivorous birds explain the inferred genetic structure. Finally, we performed Approximate 
Bayesian Computations (ABC) to quantify the effects of the past demographic events (such as 
rapid colonization northwards at the end of the most recent glacial retreat ca. 20 k years ago) in 
shaping the observed spatial genetic patterns. We expected there to be reduced genetic distances 
among the populations encountered by frugivorous birds along their migratory routes that would 
promote contemporary gene flow among island and continental populations on both shores of the 
Mediterranean Sea.
2. Materials and Methods
2.1 Study species and sampling design 
P. lentiscus is a dioecious and anemophilous evergreen fleshy-fruited shrub, that is widely 
distributed across the Mediterranean Basin and is also found in the Canary Islands (Bolós & Vigo, 
1990) (Figure 1), and flowers from March to May (Keynan et al., 1987; Milla, Castro-Díez, & 
Montserrat-Martí, 2010).  P. lentiscus appeared in the Tertiary period, when the current 
Mediterranean Basin had a tropical climate, and is assumed to have evolved very little since then 
(Verdú & García-Fayos, 2002 and references therein). It is an important part of the Mediterranean 
shrublands, as it fruits in large amounts for long periods of time (from August till February), and 
these fruits are lipid-rich and fundamental to the diets of migratory birds (Verdú & García-Fayos, 
2002). Therefore, P. lentiscus acts as a foundation species, sensu Whitham et al. (2006), by 
structuring the functioning of communities in which it is present (Herrera, 1984; Acosta-Rojas, 
Jiménez-Franco, Zapata-Pérez, De la Rúa & Martínez-López, 2019). Moreover, it has also been 
widely consumed by humans (Rouskas, 1996; Zamora, 1997; Piluzza, Virdis, Serralutzu, & 
Bullitta, 2015 and references therein).
The diets of numerous species of bird incorporate P. lentiscus fruits, most of which are small 
passerines (Jordano, 1989; Herrera, 1998). Sylvia melanocephala Gmelin, Sylvia atricapilla L., 
Erithacus rubecula L., and Turdus merula L. have been identified as the main consumers of P. 
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Jordano, 1989). These four species have migrant and resident populations in the European 
continent; however, S. melanocephala and T. merula are considered to be mainly resident in the 
Mediterranean areas (e.g. Herrera, 1984), while E. rubecula and S. atricapilla show a higher 
mobility with important contingents of migrant populations that travel southwards from September 
to November (Leal, Monrós, & Barba, 2004; Arizaga, Alonso, & Barba, 2010) when the ripening 
peak of the P. lentiscus fruits occurs (Jordano, 1989). Thus, E. rubecula and S. atricapilla are the 
species with the greatest potential to facilitate LDD of P. lentiscus seeds.
The sampling design encompassed the entire distribution range of the plant species (Figure 1). A 
total of 1057 adult individuals were sampled from 2013 to 2015 (74 populations, Table S1). Plants 
sampled in each population were separated by at least 30 m to avoid clonality and reduce spatial 
autocorrelations. Leaf tissues were sampled and kept in paper envelopes with silica gel for drying 
until further examination in the lab.
2.2 DNA isolation and microsatellite genotyping
DNA was isolated from the dried leaves (0.1 g dry weight) using the NaOH protocol (Werner, 
Ros, & Guerra, 2002a). A set of 15 microsatellites designed for the species were used (six from 
Albaladejo et al., 2008 and nine from Motalebipour, Kafkas, Khodaeiaminjan, Çoban, & Gözel, 
2016, see Table S2). PCR was performed in total volumes of 10 µl, containing 1 µl of template 
DNA; reagent concentrations and PCR profiles are shown in Table S2. The PCR products were 
electrophoretically separated on an ABI 3730 sequencer (Applied Biosystems, Foster City, CA, 
USA). Allele scoring was carried out manually with GeneMapper v3.7 software (Applied 
Biosystems). Genotypes were reviewed twice after scoring to reduce errors. We tested the 
performance of each marker by estimating the frequency of the null alleles with the Micro-
Checker software, version 2.2.3 (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004) (Table S2, 
null alleles by marker). The percentage of missing data was low (average 3.015 %, Table S2) and 
the overall average frequency of the null alleles per population was 0.104 ± 0.007 (see Table S1, 
null alleles by population). However, the null allele values were probably overestimated as the 
population sizes were limited for most of the locations (72 out of 74 populations contained < 30 
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Population genetic diversity estimates and AMOVA analysis
Data analyses were carried out using R v. 3.2.5 (R Development Core Team 2016). We used the 
package DiveRsity v. 1.9.90 (Keenan, McGinnity, Cross, Crozier, & Prodöhl, 2013) to estimate the 
basic population genetic diversity parameters, including the allelic richness (Ar) and rarefied 
allelic richness (Ar*); expected, observed, and unbiased heterozygosity (He, Ho, and uHe, 
respectively); and inbreeding coefficient (Fis). We computed the 95 % confidence intervals for Ar 
and Fis using 9999 iterations. We additionally estimated the frequency of the private alleles when 
implemented in GenAlEx 6.5 (Peakall & Smouse, 2012). We tested for Hardy-Weinberg 
equilibrium (HWE) as implemented in the DiveRsity R package (Keenan et al., 2013), and 
genotypic linkage disequilibrium with the software Genepop (Raymond & Rousset, 1995). To 
search for a spatial trend in the distribution of the genetic diversity, we applied a Pearson’s 
correlation between Ar* and the frequency of private alleles, with the latitude and longitude of the 
sampled populations. We carried out an analysis of molecular variance (AMOVA) based on 999 
replicates using GeneAlex 6.5 (Peakall & Smouse, 2012), to assess how the genetic diversity 
varied within and among the populations.
Spatial genetic structure across the whole distribution range 
We first assessed the genetic differentiation across the populations (Fst) with the R package 
hierfstat, version 0.04.22 (Goudet, 2005), with confidence intervals and the significance of the 
results being calculated with 10 000 bootstrapped samples. We tested for IBD (Wright, 1943) by 
applying a Mantel test using the pairwise Nei’s genetic and geographic distances (Nei, 1972) with 
the adegenet R package version 2.0.1 (Jombart, 2008). The geographic distance matrix (distances 
in kilometres) was calculated with the R package geosphere version 1.5-10 (Hijmans, 2019), using 
the Vincenty ellipsoid method to account for the curvature of the Earth (ellipsoid WGS84) 
(Vincenty, 1975).  We also tested for IBD with the Euclidean longitudinal and latitudinal 
distances, to check for different patterns along the East-West and North-South axes. Furthermore, 
we tested the IBD according to the main bird migratory routes that traverse the Mediterranean Sea, 
by sorting the populations into four groups according to their migratory routes covering the 
distribution of the plant as follows (Figure 1): the Iberian route (IB, populations 1-31), the 
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route (EA, populations 61-74). The Eastern route includes two known migratory paths, one that 
goes through the Aegean (AG) Sea and a route that descended through Turkey (TK) (Figure 1), as 
we only had three populations overlapping with the TK route. For each test performed, we used 10 
000 permutations to test the significance of the IBD patterns.
Genetic clustering
Recent studies have highlighted the importance of applying different clustering analyses to verify 
the number of genetic groups (Janes et al., 2017).  Therefore we applied three types of clustering 
analysis: (i) a distance-based method called DAPC (Jombart, Devillard, & Balloux, 2010); (ii) a 
Bayesian clustering analysis (STRUCTURE, Pritchard, Stephens, & Donnelly, 2000); and (iii) an 
unweighted paired group method with arithmetic mean (UPGMA), based on Nei’s genetic 
distance (Sokal & Sneath, 1963).
 DAPC is a non-model-based method that builds genetic clusters from genetic data by synthesizing 
the original variables (alleles), and therefore, it does not assume HWE or linkage disequilibrium 
(Jombart et al., 2010). The most likely K value (i.e., the number of clusters) is selected by the 
Bayesian information criterion (BIC) and the optimal K value is identified through an 
accompanying decrease in the BIC (Jombart et al., 2010).  STRUCTURE is a Bayesian model-
based method that presumes HWE and linkage disequilibrium, and analyses the individual 
multilocus genotypes, assigning individuals to clusters according to their probability of 
assignment. The STRUCTURE analysis was performed with a burn-in period of 50 000 iterations, 
followed by 200 000 with MCMC, assuming an admixture model of the population structure and 
with K values ranging from 1 to 25 (10 runs per K value). The geographic location of the 
populations was not considered in the analysis. The final value of K was selected according to the 
Evanno method (Evanno, Regnaut, & Goudet, 2005), as implemented in Structure Harvester (Earl 
& vonHoldt, 2012). Although STRUCTURE generally performs well, its results can be misleading 
when the study system does not meet the general conditions of the underlying model (i.e. HWE 
and linkage disequilibrium). This is typically the case when the genetic structure varies gradually 
due to isolation by distance or because of strong environmental gradients (Lombaert, Guillemaud, 
& Deleury, 2018, and references therein). Thus, we have combined three genetic clustering 
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confirm the overall large-scale genetic structure (i.e., clusters), we performed an UPGMA as 
implemented in the R package “poppr” (Kamvar, Brooks, & Grünwald, 2015), based on 10 000 
replications obtained by bootstrapping.
We additionally evaluated the effects of the geographical components on the SGS through a 
spatial Principal Component Analysis (sPCA hereafter), as implemented in the adegenet R 
package version 2.0.1 (Jombart, 2008). sPCA uses Moran´s index I (Moran, 1948, 1950) to detect 
SGS comparing allelic frequencies observed in one population to the values observed in the 
surrounding populations. The Moran´s index is positive when the populations at neighbouring 
places show similar values, and negative when close populations show dissimilar values, which 
denotes local and/or global genetic structures, respectively (Jombart, 2015). Significance of the 
spatial patterns was tested using 999 permutations, with the function spca_randtest, implemented 
in the package adegenet (Jombart, 2008), as described by Montano and Jombart (2017).
Genetic networks
We built a weighted network, based on Reynolds genetic distances (Reynolds, Weir, & 
Cockerham, 1983), to depict the overall distributions of the genetic variations among the 
populations with the software EDEnetwork (Kivelä, Arnaud‐Haond, & Saramäki, 2015). Each 
node of the network represented a single population, with a size proportional to its betweenness 
centrality (i.e., the fraction of the shortest paths between pairs of nodes that pass through a given 
node), while link length, width and colour were proportional to the genetic distance between 
populations with shorter, wider and greener links showing low genetic distances. Overall, unlike 
pairwise-based metrics, these network metrics depict the genetic distances among populations, 
considering all sampled populations simultaneously. We tested for the statistical significance of 
the results by bootstrapping (i.e., resampling), by analysing the robustness of the betweenness 
centrality of the populations after re-sampling 85 and 50 % of the sampled populations for 1000 
randomizations. We used Reynolds’ distances instead of Nei’s distances to statistically test the 
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Nonetheless, a Nei’s distances network was also computed with consistent results (Fig. S1a). 
Then, we conducted a modularity analysis with the R package igraph (Csardi & Nepusz, 2006), to 
detect substructures (modules) within the obtained network, where populations are more 
connected with other populations within their own module, than with populations outside their 
module. Modularity was estimated with the Walktrap algorithm (Pons & Latapy, 2005), that has 
been found to be accurate when detecting modules in small networks (less than 233 nodes) under 
different networks topologies (Yang, Algesheimer, & Tessone, 2016). The modularity was 
measured in the global network, and in the networks created according to the bird migratory 
routes. Groups in these networks were previously established in the IBD section.
Inference of ancestral relationship among populations
We applied Approximate Bayesian Computation (ABC) to test the influence of historical 
processes on the observed population genetic structure of P. lentiscus. This tool allows us to 
compare different competing scenarios describing ancestral relationships among the populations 
(e.g. divergence or migration), to explain the observed data. The approach is based on the 
generation of simulated datasets according to a range of values of demographic parameters that 
define different scenarios. We applied the ABC models to generate simulated data sets for the two 
competing scenarios, and to estimate their posterior probabilities that will be compared with the 
observed demographic parameters through summary statistics (e.g. mean population genetic 
diversity). These analyses were performed with DIYABC (Cornuet et al., 2008). We compared the 
two different competing demographic scenarios presumably describing the genetic divergence 
among the P. lentiscus populations across the Mediterranean Basin. The first scenario assumes 
that the populations from North Africa colonized the southern basin of the European region after 
the last glaciation, as previously described for numerous other plant species (Nieto-Feliner, 2014). 
After the historical colonization event, the populations on both sides of the Mediterranean Sea are 
thought to have remained genetically isolated (lack of gene flow across the Mediterranean Sea) 
(Fig. S2a). This model tests whether the observed pattern of lack of geographic barrier across the 
Mediterranean Basin could be explained by historical demographic expansions. Alternatively, the 
second model proposes that a single ancestral population from North Africa diverged into two 
isolated clusters located at the Eastern and Western extremes of the basin. Then, the individuals 
from both clusters would have colonized Europe through the Mediterranean Sea, and therefore, 
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genetic clustering could be already set in the ancestral population rather than the result of the lack 
of contemporary gene flow between eastern and western populations. We generated 1 x 106 
simulated datasets for the 15 microsatellite loci, for each scenario, under a Generalized Stepwise 
Mutation model (GSM).  Model details are included in Appendix S1. We retained the values of the 
following summary statistics: number of alleles, mean genetic diversity (Nei, 1978), mean size 
variance, pairwise genetic differentiation between groups (Fst; Weir & Cockerham, 1984), shared 
allele distance between populations (Jin & Chakraborty, 1994), and genetic distance (dµ)2 
(Goldstein, Ruiz-Linares, Cavalli-Sforza, & Feldman, 1995). We tested whether the value of the 
summary statistics obtained for our study species overlapped with the posterior predictive 
distribution inferred for each hypothesized model by applying a Principal Component Analysis 
(PCA).
3. Results
3.1 Population genetic diversity 
The number of alleles per locus varied from 5 to 43 (Table S2), with a total of 260 alleles detected 
across populations. Furthermore, for all populations, the unbiased expected heterozygosity (uHe) 
ranged from 0.42 to 0.71 (average of 0.59 ± 0.06) and the rarefied allelic richness (Ar*) varied 
from 2.29 to 3.74 (average of 2.81 ± 0.03). The frequency of private alleles ranged from 0 to 0.2 
(Table S1). The inbreeding coefficient (Fis) was significant for 32 populations, 29 of which had 
positive values. In total, 45 out of the 74 populations showed signals of Hardy-Weinberg 
disequilibrium (Table S1), and linkage disequilibrium was significant for most pairs of loci (Table 
S3). The results showed a negative correlation between the frequency of private alleles and the 
rarefied allelic richness (Ar*) with latitude (ρ = -0.24, p-value < 0.05; and ρ = -0.23, p-value < 
0.05, respectively) but a positive correlation with longitude (ρ = 0.25, p-value < 0.05; and ρ = 
0.59, p-value < 0.001, respectively) (Fig. S3 and Fig. S4). AMOVA analysis showed that the 
molecular variance was greater within populations (87 %) than among populations (13 %). 
3.2 Genetic differentiation and population structure across the distribution range
Genetic differentiation (Fst) across the populations was 0.134 (0.118 - 0.204, p-value < 0.001) and 









This article is protected by copyright. All rights reserved
(ρ = 0.0001793, r2 = 0.56, p-value < 0.001) across the entire distribution range (Fig. S5), 
suggesting the presence of an IBD pattern (p-value < 0.0001). Similarly, an IBD pattern was also 
detected when latitudinal and longitudinal distances were analysed (p-value < 0.0001 in both 
cases). However, according the coefficient of determination (r2), the model that included longitude 
fitted better the  genetic distances between the populations, in comparison to the model that 
included latitude (ρ = 0.0001697, r2 = 0.51 and ρ = 0.0002974, r2 = 0.20, respectively, both p-
values were < 0.001) (Fig. S5). The IBD was significant between the populations found in the IB 
and EA migratory routes, but not for the BL and IT routes (Table 1, Fig. S6).
All clustering analyses (DAPC, STRUCTURE, and UPGMA) concurred to show two main genetic 
clusters that broadly encompassed the eastern and western populations (Figure 2). The 
STRUCTURE and DAPC analyses showed two clusters (K = 2) with a western group that 
encompassed populations from the Canary Islands to the Sicily strait and an eastern group that 
included the populations from the Cyrenaica Peninsula to Israel (Figure 2a, b). Populations from 
the Balkans (populations 61 and 62) and Aegean Islands (populations 63 and 64) were mixed and 
were classified into both clusters. We report the assignment probability on an individual basis in 
Table S4 and the DeltaK values estimated by STRUCTURE in Fig. S7. In accordance with all 
previous results, the UPGMA phylogram placed all populations into two main groups that 
represented the eastern and western populations (Fig. S8). Results of sPCA pointed out the 
existence of a significant global genetic structure (p-value<0.001) across populations with two 
main groups mirroring the East-West pattern described above (Figure 2c, Fig. S9). Clustering 
analysis within each of the identified groups did not detect any significant substructures within 
each group, although they both showed moderate levels of genetic structure (Fst = 0.084 and 0.054 
for the western and eastern clusters, respectively, both p-value < 0.001) 
The genetic network based on the Reynolds’ genetic distances, also revealed two groups (Figure 
3). The first included all populations from the western Mediterranean Basin (from the Strait of 
Gibraltar to the Strait of Sicily) and the Canary Islands, and the second contained the eastern 
Mediterranean locations. Populations from the Balkan Peninsula (Alyhi and Amarousion, 61 and 
62 in the network) and the Aegean Islands (Amorgos and Lesvos islands, populations 63 and 64 in 
the network) scored the highest betweenness centrality in the network, and they acted as links 
between the two groups. The Sicilian populations (populations 58 and 59 in the network) and 
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connecting the groups. These results were confirmed by the betweenness centrality analyses, 
which demonstrated the importance of the mentioned populations in the topology of the network 
(populations 61, 63, 45, 60, 58, and 62 were in the top five nodes of the 50 % bootstrap results, 
Figure 4). The network topology was robust with both 85 and 50 % bootstrapping (results of 50 % 
bootstrapping are shown in Fig. S1b). This overall structure defined by two large groups 
connected by the Aegean populations (61-64) was confirmed by a modularity analysis that 
identified three modules despite low modularity levels (0.048).  Networks built with populations 
sorted by bird migratory routes showed low modularity with networks from routes IB, BL, and IT, 
composed by the main single module and EA network composed of the two main modules (Table 
S5) that roughly corresponded to the two migratory routes in the eastern Mediterranean (Figure 1, 
Table 1, Fig. S10).
3.3 Inference of ancestral relationship among populations
ABC analyses showed that both the hypothesized models (migration from Africa with subsequent 
genetic isolation hypothesis vs. ancestral East-West clustering coupled with gene flow, Fig. S2) 
were equally likely. The PCA explained the observed data in equal proportions for both models 
(Figure 5). In addition, some of the summary statistics showed low probabilities, which indicates 
that the proposed models are not suitable for explaining the observed data (Table S6). We also 
tested both hypothesized models with admixture events, but the results did not improve, compared 
to those obtained with the simple models (details in Fig. S11).
4. Discussion
Overall, our results have identified significant genetic structure in the populations of P. lentiscus 
in the Mediterranean Basin, with two distinctive genetic clusters located in the Eastern and 
Western ranges of the species distribution. The observed structure suggest that the Mediterranean 
Sea does not act as a geographical barrier for this species, as populations from both sides of the 
sea showed low levels of genetic distance. These findings are consistent with the hypothesis that 
migrating frugivorous birds connect the distant populations across the Mediterranean Sea, by 
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analysis failed to find evidence that historical population expansions shaped the observed genetic 
patterns. 
The SGS of the populations of P. lentiscus across its range of distribution reveals that the 
Mediterranean Sea does not act as a geographic barrier. All applied analyses concurred in finding 
two distinctive genetic clusters distributed across an East-West axis. If the Mediterranean Sea had 
imposed a barrier to gene flow, the genetic clusters would split along a North-South axis, with 
populations on both sides of the Mediterranean showing increased genetic distances. Previous 
studies assessing the spatial distributions of the genetic variations across the Mediterranean for 
this species have found mixed results, based on random amplification of polymorphic DNA 
(RAPDs) markers: while some reported a high genetic similarity among distant eastern and 
western populations (Barazani, Dudai, & Golan-Goldhirsh, 2003; Nahum, Inbar, Ne’eman, & 
Ben-Shlomo, 2008), others described significant genetic differences between populations from the 
Iberian Peninsula and the North of Africa (Werner, Sánchez-Gómez, Carrión-Vílches, & Guerra, 
2002b). Overall, our study showed similar levels of genetic differentiation (Fst = 0.134), as those 
of previous studies with woody long-lived species (Hamrick, Godt, & Sherman-Broyles, 1992). 
By using a comprehensive sampling design and more informative molecular markers (SSRs), our 
study has described the spatial distribution of the genetic variation in greater detail, and has 
provided new insights into the processes that might have underpinned the observed structure. 
These findings highlight the importance of including populations across the entire distribution 
range when assessing the partitions of genetic variation in plant species (Medrano & Herrera, 
2008; Hou & Lou, 2011). 
Overall, our results showed that the genetic variation followed a predictable geographic trend that 
suggests a role of frugivorous birds in transporting ingested seeds across the Mediterranean when 
they migrate from Europe to Africa during the fruiting season of the species.  Thus, the frequency 
of private alleles and Ar* correlated negatively with latitude and positively with longitude, 
suggesting higher a genetic diversity when moving southwards and eastwards. Moreover, genetic 
distances between populations were better explained by the model that included longitudinal 
distance (r2 = 0.51) than by the model that included latitudinal distance (r2 = 0.20). These findings 
are congruent with the known migratory pathways followed by birds, including frugivores, across 
the Mediterranean Basin (Figure 1). Migrant frugivorous birds perform long-distance seed 
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Previous studies have also suggested that long-distance migratory bird movements are a key driver 
in fostering demographic expansion and shaping the genetic structure of bird-dispersed plants 
(Hampe et al., 2003; Nahum et al., 2008). Bird migration routes are determined by species-specific 
characteristics, such as food requirements, as well as climatic conditions (Newton, 2007), which 
might impose strong differences in the number of frugivorous birds migrating through each known 
migratory pathway (Figure 1). For instance, it was recorded that frugivorous birds, such as E. 
rubecula and S. atricapilla, migrate preferentially through the BL route rather than through the IB 
route (Migra programme, SEO/Birdlife, Spain (2012)). This differential use of migratory pathways 
by frugivorous birds might explain a significant IBD pattern found for populations distributed 
across the IB route (either including or excluding the population in the Canary Islands), but an 
absence of the IBD pattern among populations located along the BL route. In addition, migratory 
birds might also perform vagrant movements that deviate from the main migratory routes 
(Newton, 2007).
Besides the importance of contemporary long-distance seed dispersal events, the spatial 
distribution of the genetic variation is also known to be impacted by historical shifts in the 
distribution ranges (Hewitt, 2000). For example, the demographic expansion of plant populations 
northwards from the southern Mediterranean refugia after the Last Glacial Maximum (ca. 20 k 
years ago), reduced the genetic variation at the colonization front (Hampe et al., 2003), although 
some species show increased genetic diversity at intermediate latitudes, as a result of genetic 
admixtures from different refugia (Petit et al., 2003). Moreover, previous phylogeographic studies 
have described a divergence between populations located in the Eastern and Western regions of 
the Mediterranean Basin for many plant species (Nieto-Feliner, 2014).  Therefore, the genetic 
patterns observed for P. lentiscus could also be explained by historical demographic processes. 
The decreased values of Ar* and the frequency of private alleles northward, could result from a 
historical recolonization process from the southern populations after the last glacial retreat. 
Moreover, the high values of uHe observed in the Aegean populations could be partially explained 
by an admixture process that would combine propagules from putative eastern and western 
refugia. However, the ABC models failed to find any statistical support for a demographic 
expansion northward from the southern populations, neither for an admixture process nor for 
ancestral eastern and western divergent populations. These findings suggest that the spatial 
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demographic processes, and therefore, contemporary long-distance seed dispersal remains a 
feasible driver with which to interpret our results. Future phylogeographic studies based on Next 
Generation Sequencing tools, such as deep sequencing, will allow us to fully understand the 
impact of historical events in shaping the current genetic patterns of this species.
Pollen dispersal patterns also shape the SGS of plants (Duminil et al., 2007). As anemophilous 
species, wind strength and direction during flowering time would determine pollen flow patterns 
in P. lentiscus. The prevailing winds in the Mediterranean Basin flow from the Northwest to the 
Southeast from March to May with a greater angular variance in the western than in the eastern 
regions (Soukissian, Karathanasi, Axaopoulos, Voukouvalas, & Kotroni, 2018). Even though 
pollen flow might account for low genetic distances among some populations at both shores of the 
Mediterranean Sea (e.g., Iberian Peninsula and Balearic populations), it does not explain the 
observed patterns for other populations (e.g., low genetic distance among Aegean and Libyan 
populations). Furthermore, most pollen dispersal distances for this species have been reported to 
remain under 500 m (Albaladejo, Guzmán, González-Martínez & Aparicio, 2012), while a recent 
study documents that pollen dispersal distances in wind-pollinated woody plants can reach up to 
10 km (Souza, 2018 and references therein). These dispersal distances indicate that pollen flow 
contributes to the observed genetic patterns at the landscape level rather than across continents 
(Parejo-Farnés et al., 2017). Note that the shortest distance between Europe and Africa is ca. 14 
km (Strait of Gibraltar). Other studies should include chloroplast markers (maternally inherited) to 
undoubtedly discern the relative contribution of pollen and seed dispersal to gene flow and the 
genetic patterns in P. lentiscus.
Besides all of the above-mentioned pollen and seed dispersal processes of P. lentiscus, ancient 
civilizations also traded products that were derived from this species, including seeds, across the 
Mediterranean Basin for millennia (Piluzza et al., 2015 and references therein; Alonso et al., 
2016). Therefore, the observed genetic patterns might also be impacted to some extent by the 
historical maritime trade routes, as already hypothesized to explain the genetic patterns among the 
olive tree populations (di Rienzo et al., 2018). Active commerce by humans can blur the genetic 
footprints from natural dispersal processes, and this would explain the lack of statistical support 
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Overall, this study shows that the Mediterranean Sea does not act as a geographic barrier among 
populations of P. lentiscus, a bird-dispersed plant. The observed genetic patterns suggest an 
important role for the migratory birds, acting as seed dispersal vectors among the distant 
populations on both shores of the Mediterranean. Therefore, any shift of the migratory bird routes 
would potentially impact the demographic and genetic patterns of the plant species dispersed by 
these frugivores. Recent studies (Bairlein, 2016) have pointed out that climate change, 
fragmentation, and poaching, threaten the populations and the migratory pathways of European 
birds. Climate change might decouple plant-frugivore interactions by shifting the fruiting 
phenology of the fleshy-fruited plants and/or interrupting the bird migration patterns, as previously 
reported (Zalakevicius, Bartkeviciene, Raudonikis, & Janulaitis, 2006; Both et al., 2009; Pulido & 
Berthold, 2010; Thackeray et al., 2010). These changes could have profound demographic and 
genetic consequences for bird-dispersed plants, by interrupting the arrival of the propagules and 
the connectivity patterns among the distant populations, potentially compromising the persistence 
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Figures
Figure 1. Distribution range of P. lentiscus (dark grey shadow) (based on Bolós & Vigo 1990) and a detailed photograph of the P. lentiscus fruits 
(upper left). Orange lines depict the main bird migratory routes from Europe to Africa based on Bruderer & Liechti (1999), Fiedler & Davidson 
(2012), and Bairlein (2016). In the text, we refer to the migratory routes as: Iberian route (IB), Balearic route (BL), Italian route (IT), Aegean route 
(AG), and Turkish route (TK). For some analyses AG and TK are combined due to a low number of sampled populations to create an Eastern route 
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Figure 2. (a) Bar plot showing the STRUCTURE results (blue = group 1; red = group 2). Numbers refer to population IDs (Table S1). (A = Canary 
Islands, B = Iberian Peninsula, C = North Africa, D = Balearic Islands, E = Southeast France, F = Corsica and Sardinia, G = Italian Peninsula, H = 
Adriatic Sea, I = Sicily, J = Linosa Island, K = Balkans, L = Aegean Islands, M = Cyrenaican Peninsula, N = Cyprus, O = Middle East); (b) 
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Principal Component Analysis (sPCA) with dots depicting the location of sampled populations and the colours expressing the eigenvalues of the 
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Figure 3. Genetic network obtained based on the Reynolds’ genetic distances for all sampled 
populations. The nodes represent the sampled populations, numbered by their IDs (see Table S1). 
The size of each node is proportional to the betweenness centrality of the population in the 
network. The length, the width and the colour of the links are proportional to the genetic distances 
between the pairwise populations, with shorter, thicker and greener links indicating lower genetic 
distance and long, thin and blue links indicating increased values of genetic distances. The 
visualization of the network is based on the spring-charge-algorithm of Himmeli (see 
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Figure 4. Number of times that a given population showed a high value of betweenness centrality 
(top 5) with the 50 % bootstrap analysis (see population codes in Table S1) (61 and 62 = Alyhi 
and Amarousion, Balkan Peninsula; 63 = Amorgos Island, Aegean Islands; 45 = Majorca, Balearic 
Islands; 60 = Linosa Island; 58 = Palermo, Sicily; 7 = Tazona, Iberian Peninsula; 55 and 57 = 
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Figure 5. Model checking for the two hypothesized demographic models (Fig. S2): (a) Model 1 tests for a demographic expansion from ancestral 
populations in Africa to Europe at the end of the last glaciation followed by genetic isolation; (b) Model 2 tests for an ancestral population from North 
Africa strongly structured into an East and West clustered that expanded over Europe.  The figure shows the results of a Principal Component 
Analysis (PCA) in the space of summary statistics with the 1% of the closest simulated data sets (10,000 in our case) and 1,000 data sets simulated 
from the posterior distribution parameters. If the model fits the observed data well, the yellow dot should be located in the middle of the cluster 
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Table 1. Isolation by distance (IBD) patterns, statistical correlation between genetic and 
geographic distances, and the value of the modularity of the genetic networks (i.e. 
substructure/division inside the networks) obtained for populations sorted by migration routes 
between Europe and Africa (Figure 1) (Significance of results; NS = p-value > 0.05; * = p-value < 
0.05; ** = p-value < 0.01; *** = p-value < 0.001). Migratory route names: Iberian route (IB), 
Balearic route (BL), Italian route (IT), and Eastern route (EA). Population IDs are indicated in 
Table S1.
Migratory route Populations









IB 1-31 420 *** r2=0.47*** 0.0017 
BL 32-49 243 NS r2=0.05** 0.0023
IT 50-60 143 NS r2=0.01NS 0.01
EA 61-74 251 ** r2=0.25*** 0.11
All populations 1-74 1057 *** r2=0.56*** 0.048
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